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Fig. 2 Levels of VEGF in cell culture supernatants evaluated by
ELISA (*P < 0.01; **P < 0.005)

Significant reductions in the expression of VEGF mRNA
were also detected with rPRP-B (Fig. 3).

rPRP-B regulated collagen-induced arthritis in mice

Macroscopic evaluation of the hind paws of the rPRP-B
treatment group and control mice shortly after secondary
CIA immunization revealed obvious distinctions in the
development of arthritis (Fig. 4). Mice treated with rPRP-B
developed markedly less joint disease, as shown by a sig-
nificant diminution in hind paw thickness at each time
point beginning from day 27 to day 36 after injection
compared with the PBS treatment group.

Histological evaluation of the CIA mouse

At 43 days after immunization, rPRP-B-injected mice
displayed strikingly reduced histopathological activity of
arthritis as compared with control mice (Fig. Sa—c).
Inflammatory cells had infiltrated synovial tissue in
untreated control mice (b), but infiltration was less severe
in rPRP-B-treated mice (c). In addition, we performed
detailed semi-quantitative analyses of several histopathol-
ogical features. Similar to the clinical pattern, morpho-
logical signs of arthritis in drug-treated mice were
dramatically reduced in comparison to control mice
(Table 1).

Immunohistochemistry

Numbers of CD31-positive cells in synovia from CIA mice
were significantly higher in the control group than in rPRP-
B-injected mice (Fig. 6a—c). This revealed that prolifera-
tion of endothelial cells by CIA was significantly sup-
pressed in rPRP-B mice compared to control mice. VEGF

‘2’_) Springer
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Fig. 3 Expression levels of VEGF mRNA confirmed by real-time
RT-PCR (*P < 0.05)
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Fig. 4 Quantitative data for thickness of the swollen paw
(*P < 0.005). Paw thickness of the site with rPRP-B injection (filled
triangles) is significantly decreased compared to that in untreated
mice (filled quadrangles)

expression detected by immunohistochemistry using anti-
VEGF antibody was significantly reduced in a rPRP-B
treated mouse compared to a control mouse (Fig. 7), sug-
gesting that inhibition of angiogenesis by rPRP-B in the
CIA mouse was at least partly attributable to VEGF
suppression.

Bone destruction level was suppressed by rPRP-B
treatment

Reductions in bone destruction near the metacarpal and
metatarsophalangeal joints were noted on CT scans of the
rPRP-B-treated group compared to controls (Fig. 8),



Angiogenesis inhibitor in arthritis

447

suggesting that rPRP-B suppresses bone destruction
induced by arthritis.
Discussion

CIA mouse is reproducible and well deﬁned, and has been
extensively used to elucidate pathogenic mechanisms

Fig. 5 Histopathological findings in mice without immunization
(a) and in CIA mice (b, c). Histopathological evaluation revealed
severe inflammation in the joint sections of untreated CIA mice (b).
In contrast, the extent of arthritis was significantly reduced in the
joints of mice with rPRP-B treatment (c)

Table 1 Histological assessment of arthritis

relevant to human RA [{1]. Elevated angiogenesis in this
model was also confirmed [14, 15]. The present study has
shown the anti-inflammatory effects of rPRP-B as one of
the candidate intrinsic anti-angiogenic factors on progres-
sion of collagen-induced arthritis. Clinical symptom,
pathological findings, and radiological evaluations revealed
significant suppression of collagen-induced arthritis by
rPRP-B. The underlying molecular mechanisms are spec-
ulated about based on both the present in vitro study and
our previous data as follows.

First, tPRP-B could directly inhibit endothelial cell
activity. Angiogenesis is a multi-step process involving
various cell functions of cell proliferation, cell migration,
and tube formation. We have previously shown that rPRP-B
could inhibit each step of these endothelial or mural cell
actions through interactions with cell surface integrin o83
[3, 4, 16], suggesting that rPRP-B could have acted directly
on endothelial or mural cells of CIA mice in the present
study. Previous reports regarding interactions between
angiogenesis in arthritis and the function of endothelial cell
surface integrin support this hypothesis [17, 18]. In addition,
cells that express the highest levels of integrin oy f33 include
activated macrophages, which are involved in producing
proinflammatory cytokines, and osteoclasts, which mediate
inflammatory osteolysis [18]. Although the initial concept of
our study was control of arthritis by regulating angiogenesis
through endothelial cell function, inhibition of bone
destruction in rPRP-B-treated mouse and the enhanced
expression of this integrin in osteoclasts led to speculation
that 1PRP-B could act directly on osteoclast regulation in
inflammatory osteolysis. Radiological and histological
analysis in the present study showed the decrease in bone
destruction in the rPRP-B treatment group, supporting this
speculation. For a better understanding of the mechanisms
underlying the effects of rPRP-B on cells other than endo-
thelium, further studies should be undertaken in the future.

The second key player was VEGF. VEGF is the pre-
dominant stimulator of angiogenesis [19, 20], and mediation
of VEGF expression is one of the main mechanisms by which
tissue vasculature is controlled under normal physiological
conditions [21]. Increasing evidence of the significant role of
this cytokine in the pathogenesis of RA has been emerging in
recent reports [6,22]. Consistent with these previous reports,
upregulated expression of VEGF in the CIA mouse was

Inflammatory infiltrate* Synovial lesions* Cartilage destruction Bone destruction* Total*
PBS 237 £ 0.74 2.5 £053 1.63 £ 0.74 2.0+ 0.76 85 %20
rPRP 1.5 £0.76 1.37 4 0.92 0.88 + 0.84 1.0 + 0.93 4.75 £ 2.87

Data represent mean values & SD
* P <005
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Fig. 6 Effects of IPRP-B
therapy on arthritis-associated
angiogenesis.
Immunohistochemical staining
with anti-CD31 mouse
monoclonal antibody, revealing
decreased vascularity in joint
synovial tissue of a mouse
treated with rPRP-B

(b) compared with a control
mouse (a). The CD31-positive
cell number per high-power
field in the representative
specimen was significantly
decreased with rPRP-B
treatment mice compared with
controls (*P < 0.005) (c)

Fig. 7 Effects of tPRP-B
therapy on VEGF expression in
synoviocytes.
Immunohistochemical staining
with anti-VEGF mouse
monoclonal antibody, revealing
decreased VEGF expression in
synovial tissue of a mouse
treated with rPRP-B

(b) compared with synovial
tissue in a control mouse (a).
The number of VEGF-positive
cells per high power field in the
representative specimen was
significantly decreased in rPRP-
B-treated mice compared to
control mice (*P < 0.005) (c)

confirmed in our study. We have speculated that TPRP-B
plays a regulatory role in the secretion of VEGF based on the
findings from our in vivo model. As expected, downregula-
tion of VEGF expression in rPRP-B-treated mice was con-~
firmed. To confirm the molecular mechanisms, we confirmed
the role of rPRP-B in VEGF expression by cytokine-stimu-
lated synoviocytes. As expected, downregulation of VEGF
expression by rPRP-B was confirmed in terms of both
mRNA and protein levels, suggesting the molecular mech-
anism of downregulation in an in vivo model.

The third probable mechanism was the inhibition of
direct proliferation by cytokine-stimulated synoviocytes.
We have previously shown that rPRP-B exerts inhibitory
effects on endothelial cell proliferation stimulated by bFGF

@ Springer
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[4]. Histological examination in the present study sug-
gested a decrease in synoviocyte proliferation. This raises
the question of whether rPRP-B has direct inhibitory
effects on synoviocyte proliferation stimulated by cyto-
kines. As expected, tPRP-B significantly inhibited cell
proliferation stimulated by IL-1 or bFGF.

Thus, we could provide direct or collateral evidences
supporting our hypothesis on the pathophysiological sig-
nificance of rPRP-B in arthritis. However, it should be
noted that some of the above-mentioned mechanisms were
not directly validated in the present study. These mecha-
nisms need to be studied in the future. In addition, recent
reports suggested the probability of multiple mechanisms
of resistance to anti-angiogenic therapy for cancer [23],
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Fig. 8 Micro-CT revealing reductions in bone destruction near joints
in rPRP-B-treated mice (b) compared with control mice (a) (circle)

suggesting the need to consider the same mechanism in the
therapy for arthritis. Thus, the second limitation of the
present study was that the resistance mechanism to anti-
angiogenic therapy for arthritis was not validated.

Conclusion

Treatment with TPRP-B significantly decreased the severity
of arthritis and improved histological findings in estab-
lished CIA mice. In addition, rPRP-B reduced neovascu-
larization and VEGF production in inflamed joints. An in
vitro study revealed multi-factorial roles of rPRP-B on
endothelial cell administration, VEGF secretion, and
synoviocyte proliferation. These findings show that in vivo
administration of rPRP-B suppresses arthritis in established
CIA mice, suggesting that anti-angiogenic treatment may
offer a new and additional therapeutic modality for RA.
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Abstract

Rheumatoid arthritis (RA) is a chronic inflammatory disease that causes irreversible joint damage and
significant disability. However, the fundamental mechanisms underlying how inflammation and joint
destruction in RA develop and are sustained chronically remain largely unknown. Here, we show that
signal transducer and activator of transcription 3 (STAT3) is the key mediator of both chronic
inflammation and joint destruction in RA. We found that inflammatory cytokines highly expressed in
RA patients, such as IL-18, tumor necrosis factor alpha and IL-6, activaied STAT3 either directly or
indirectly and in turn induced expression of IL-6 family cytokines, further activating STAT3 in murine
osteoblastic and fibroblastic cells. STAT3 activation also induced expression of receptor activator of
nuclear factor kappa B ligand (RANKL), a cytokine essential for osteoclastogenesis, and STAT3
deficieney or pharmacological inhibition promoted significant reduction in expression of both IL-6
family cytokines and RANKL in vifro. STAT3 inhibition was also effective in treating an RA model,
coliagen-induced arthritis, in vivo through significant reduetion in expression of IL-6 family cytokines
and RANKL, inhibiting both inflammation and joint destruction. Leukemia inhibitory factor expression
and STATS activation by IL-1p were mainly promoted by IL-6 but still induced in IL-6-deficient cells.
Thus, our data provide new insight into RA pathogenesis and provide evidence that inflammatory
cytokines trigger a cytokine amplification loop via IL-6-STATS that promotes sustained inflammation
and joint destruction.
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Introduction
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Rheumatoid arthritis (RA) is a disease characterized by
chronic inflammation and joint damage causing joint de-
struction, which limits patients’ daily living activities due to
impaired physical function and joint pain. RA is a complex
disease resulting from known and unknown factors; however,
it is primarily characterized by the presence of major pro-
inflammatory cytokines, such as IL-18, tumor necrosis factor
alpha (TNFa) and IL-8. Indeed, the therapeutic antibodies or
inhibitors of these inflammatory cytokines provide dramatic
therapeutic effects in inhibiting disease activity. Nonetheless,
some patients remain resistant to therapy, suggesting that
targeting these cytokines individually is not sufficient to treat
the pathogenesis of RA.

To date, various RA animal models such as transgenic mice
over-expressing IL-1o (IL-1a0 Tg) or TNFa Tg, mice homozy-
gous for a gp130 F759 mutation, collagen-induced arthritis
(CIA) model and antibody against type2 collagen injection
model reportedly exhibit RA-like phenotypes, including swell-
ing and destruction in multiple joints (1-5). Analysis of these
models indicates that increased serum pro-inflammatory cyto-
kines, activation of inflammaiory cells such as macrophages,
neutrophils or CD4™ T celis or elevated levels of auto-antibodies
underlie RA pathogenesis. Hirano's group reported that an
IL-17Ariggered positive feedback loop of IL-6 signaling,
which activates both the nuclear factor kappa B (NFxB) and
the signal transducer and activator of transcription 3 (STAT3),
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promotes autoimmune disease such as encephalomyelitis (6).
Recently, they reported that local microbleeding induces an
IL-17A-dependent IL-6 amplification loop by inducing local
Th17 accumulation followed by T, 17-mediated IL-6 expression
and STAT3 activation in type | collagen-expressing cells (7).
However, how inflammation and joint damage are sustained in
a chronic manner or why a biological agent inhibiting a single
pro-inflammatory cytokine occasionally fails to antagonize dis-
ease activity remains unknown.

STAT proteins are a family of transcriptional factors con-
sisting of six members, STATs 1-6, all of which are activated
by cytokine stimulation via Janus kinase (Jak) family proteins
(8). In mice, STAT3 is implicated in development of visceral
endoderm, and STAT3-null mice exhibit early embryonic
lethality due to impaired mesoderm formation (9). Jak family
proteins are non-receptor type tyrosine kinases consisting of
Jak1, Jak2 and Jak3, which transduce various cytokine
signals, including IL-6 family cytokines. Phenotypes seen in
null mutants of each Jak gene differ, suggesting that each
Jak has a unique function. CP690,550 is a small molecule,
which was originally developed as a specific inhibitor of
Jak3 (10). CP690,550 was utilized as an immunosuppressive
agent for organ transplantation (10) and is now in clinical
trials as treatment for RA patients (11). CP690,550 has also
been utilized in an animal RA model and shown to reduce
disease activity in vivo (12, 13).

RA causes induction of osteoclast formation, and osteoclasts
are implicated in joint destruction due to their bone resorption
activity at sub-chondral bone sites (14). Osteoclastogenesis is
induced by the cytokine receptor activator of nuclear factor
kappa B ligand (RANKL) (15), while osteoclast differentiation
is driven by pro-inflammatory cytokines TNFe or IL-18. Given
their unigue role in bone resorption, controlling osteoclast ac-
tivity is considered crucial to prevent joint destruction in RA.

In the current study, we demonstrate that the major inflam-
matory cytokines elevated in RA, 1L-1B, TNFa and IL-6, all
function in an amplification circuit for IL-6 family cytokines
and RANKL via direct or indirect activation of STAT3. STAT3
activation further induced [L-6 family cytokines as well as
RANKL, and lack of STAT3 abrogated both IL-6 family cytokine
and RANKL expression. Pharmacological inhibition of STAT3
also inhibited expression of IL-6 family cytokines and RANKL
in osteoblastic cells induced by IL-18, TNFo and IL-6 in vitro
as well as in the joints of a CIA model in vivo. Furthermore,
CiA-induced joint swelling and osteoclastogenesis were
significantly inhibited by STAT3 abrogation, promoting signif-
icant improvements in arthritis scores in the CIA model.
These findings indicate that STAT3 is a potential therapeutic
target to prevent chronic inflammation and joint destruction
in RA.

Methods

Mice

C57B6 mice and DBA/1J mice were purchased from Nihon
Jikken Doubutsu (Tokyo, Japan). Animals were maintained
under specific pathogen-free conditions in animal facilities
certified by the Keio University School of Medicine animal
care committee. Animal protocols were approved by the
Keio University School of Medicine animal care committee.

CIA model

The experimental CIA model was generated in 6-week-old
male mice by injecting 100 pl of emulsion containing 100 ug
of type Il collagen (Cll) (Collagen Research Center, Tokyo,
Japan) intradermally at the base of the fail. The basic emul-
sion was composed of 1 mg mi™* bovine Cli dissolved in
PBS and an equal volume of complete Freund's adjuvant
(Difco, Detroit, Ml, USA). Three weeks later, a second immu-
nization containing Cll and Incomplete Freund’s adjuvant
(Difco) was administered. Then, clinical symptoms of arthritis
were evaluated visually in each limb and graded on a scale
of 0-4; 0, no erythema or swelling; 0.5, swelling of one or
more digits; 1, erythema and mild swelling of the ankle joint;
2, mild erythema and mild swelling involving the entire paw;
3, erythema and moderate swelling involving the entire paw
and 4, erythema and severe swelling involving the entire
paw. The clinical score for each mouse was the sum of the
scores for all four limbs (maximum score 16).

Chemicals and reagents

CP-690550 was purchased from Selleck Chemicals (Houston,
TX, USA). Cycloheximide was purchased from Sigma-Aldrich
(St Louis, MO, USA); mouse IL-1B, mouse TNFo and mouse
IL-6 were purchased from PeproTech Ltd (London, UK).
Mouse oncostatin M (OSM) and siL-6Ro were purchased
from R&D systems (Minneapolis, MN, USA).

Cell culture

Primary osteoblasts (POBs) derived from calvaria of newborn
mice were prepared as described (16, 17). POBs and
MC3T3-E1 cells were maintained in oMEM (Sigma-Aldrich)
containing 10% fetal bovine serum (FBS) (JRH Biosciences,
KS, USA) with penicillin G and streptomycin. Splenocytes and
lymphocytes were cultured in RPMI 1640 (Wako Pure Chemi-
cals Industries, Osaka, Japan) supplemented with 10% FBS,
2-mercaptoethanol (Nacalai Tesque, Kyoto, Japan), penicillin
G and streptomycin.

In vitro osteoclast formation

BM cells isolated from long bones (femurs and tibias) were
cultured for 72 h in eMEM containing 10% heat-inactivated
FBS and GlutaMax supplemented with macrophage colony
stimulating factor (M-CSF) (50 ng mi™"; Kyowa Hakko Kirin
Co.). Adherent cells were then collected for analysis. Cells
(10°) were cultured in 96-well plates with M-CSF and
recombinant soluble RANKL (25 ng ml™"; PeproTech Inc.)
for 6 days. Osteoclastogenesis was evaluated by tartrate re-
sistance acid phosphatase (TRAP) and May-Grinwald
Giemsa staining (18, 19). For co-cultivation, M-CSF-depen-
dent osteoclast progenitor cells and POBs were seeded at
a density of 5 x 10° cells and 2 x 10* cells per 48-well
plate, respectively, and co-cultured for 7 days in the pres-
ence of 50 ng mI™" OSM (R&D) or 10° M 1,25(0H),Ds
(Wako) plus 1 pM prostaglandin E2 (PGE2) (Wako).

Enzyme-linked immunosorbent assay

ELISA assays for IL-6, IL-17 and IFNy were undertaken follow-
ing the manufacturer's instructions (eBioscience, San Diego,
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CA, USA). A pSTATS ELISA kit (R&D) was utilized to measure
pSTAT3 levels according to manufacturer’s instructions. The
optical density at 450 nm was read on a Labsystems Muliti-
scan MS (Analytical instruments, LLC, MN, USA).

Real-time PCR analysis

Total RNAs were isolated from cultures or tissues using TRI-
zol reagent (invitrogen, Tokyo, Japan). After denaturation of
total RNAs at 70°C for 5 min, cDNAs were synthesized by
reverse transcription from total RNA using oligo (dT) primer
(Wako). Real-time PCR was performed using SYBR Premix
ExTaq I (Takara Bio Inc., Shiga, Japan) with the DICE Ther-
mal cycler (Takara Bio Inc.), according to the manufacturer’s
instructions. Samples were matched to a standard curve
generated by amplifying serially diluted products using the
same PCR reactions. f-actin expression served as an inter-
nal control. Primer sequences were as follows:

f-actin  forward: 5'-TGAGAGGGAAATCGTGCGTGAC-3':
f-actin reverse: 5'-AAGAAGGAAGGCTGGAAAAGAG-3"; IL-6
forward: 5’-CAAAGCCAGAGTCCTTCAGAG-3'; IL-6 reverse:
5’-GTCCTTAGCCACTCCTTCTG-3"; OSM forward: 5'-AACTC-
TTCCTCTCAGCTCCT-3'; OSM reverse: 5’ -TGTGTTCAGGTTT-
TGGAGGC-3’; IL-11 forward: 5'-TGGGACATTGGGATCTTITGC-
3, IL-11 reverse: 5'-CATTGTACATGCCGGA-GGTAG-3';
Leukemia Inhibitory factor (LIF) forward: 5'-TTCCCAT
CACCCCTGTAAATG-3’; LIF reverse: 5-GAAACGGCTCCCC-
TTGAG-3'; RANKL forward: 5'-CAATGGCTGGCTTGGTITCA-
TAG-3, RANKL reverse: 5’-CTGAACCAGACATGA-
CAGCTGGA-3’; Cisk forward: 5'-ACGGAGGCATTGACTCT-
GAAGATG-3'; Ctsk rev-erse: 5'-GGAAGCACCAACGAGAG-
GAGAAAT-3'; c-Fos forward: 5'-ATCGGCAGAAGGGGCAAAG-
TAG-3'; c-Fos reverse: 5-GCAACGCAGAGCTTCTCATCTT-
CAAG-3'; NFATct forward: 5 -CAAGTCTCACCACAGGGCT
CACTA-3'; NFATct reverse: 5-GCGTGAGAGGTTCATTCTC-
CAAGT-3’

Immunoblotting analysis

Whole-cell lysates were prepared from cultures using radio-
immunoprecipitation assay buffer (1% Triton X-100, 1% so-
dium deoxycholate, 0.1% SDS, 150 mM NaCl, 10 mM Tris—
HCI, pH 7.5, 5 mM EDTA and a protease inhibitor cocktail;
Sigma-Aldrich). Equivalent amounts of protein were sepa-
rated by SDS-PAGE and transferred to a PVDF membrane
(Millipore, Billerica, MA, USA). Proteins were detected using
the following antibodies: anti-pSTAT3 (#9131, Cell signaling
technology, Inc., Beverly, MA, USA), anti-STAT3 (sc483;
Santa Cruz Biotechnology, inc., California, USA) and anti-ac-
tin (A2066; Sigma—-Aldrich).

Histopathology and fluorescent immunohistochemistry

The lower ankle of CIA mice was fixed in 10% neutral-buffered
formalin, decalcified in 10% EDTA, pH7.4, embedded in parai-
fin and then cut into 4-um sections. Hematoxylin and eosin
(H&E) and safranin-O stain were performed according to
standard procedures. For each fluorescent immunohisto-
chemistry assay, 4-um sections were cut and subjected to
microwave treatment for 5 min in 1 mM EDTA (pH 8.0) for an-
tigen retrieval. After blocking with 0.1% BSA in 100 mM Tris—
HCI (pH 7.6), 150 mM NaCl, 0.01% Tween-20 (TBST) for20
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min, sections were stained for 1 h with mouse anti-rabbit
PSTAT3 (1:100 dilution; Cell Signaling Techniques, Inc.), goat
anti-mouse RANKL (1:150 dilution; R&D Systems, Inc.) or
rabbit anti-mouse cathepsin K (1:100 dilution) at room tem-
perature. After washing in TBST, sections were stained with
Alexa Fluor 488-conjugated goat anti-mouse IgG (1:200 dilu-
tion; tnvitrogen), Alexa Fluor 488-conjugated donkey anti-goat
IgG (1:200 dilution; Invitrogen) or Alexa Fluor 546-conjugated
rabbit anti-mouse 1gG (1:200 dilution; Invitrogen) for 1 h at
room temperature. Then, sections were mounted using Dako
fluorescence mounting medium (Dako, Glostrup, Denmark).
TOTO3 (1:750; Invitrogen) was used for a nuclear stain.
Images were acquired with a laser confocal microscope
(FV1000-D; Olympus, Tokyo, Japan).

Surface and intracellular cytokine staining

For intracellular cytokine staining, cultured cells were
restimulated for 8 h with 50 nM phorbol myristate acetate
(Sigma-Aldrich), 1 pg mi™" ionomycin (Sigma-Aldrich) and
1 uM brefeldin A (eBioscience). Surface staining was per-
formed for 15 min with the corresponding mixture of fluores-
cently labeled antibodies as previously described (20). After
surface staining, cells were suspended in fixation buffer
(eBioscience), and intracellular cytokine staining was per-
formed using the manufacturer's protocol using anti-IL-17-PE
(BD Pharmingen). Stained cells were analyzed with BD
FACSAria2 (BD Biosciences).

Naive T-cell preparation and differentiation

For naive T-cell preparation and differentiation, CD4*CD25™ T
cells were isolated from wild-type mouse spleens and lymph
nodes by negative selection using biotinylated anti-CD25
(clone, BC96; eBioscience), CD8 (clone, 53-6.7; eBio-
science), CD11b (clone, M1/70; eBioscience), B220 (clone,
RA3-6B2; eBioscience), anti-NK11 (PK136; eBioscience),
CD11c (N418; eBioscience) followed by streptoavidin-conju-
gated magnetic beads (Miltenyi Biotech, Bergisch Gladbach,
Germany). For T,17 differentiation, 1 x 10° CD4*CD25" T
cells were cultured with 1 pg mi™* plate-bound ant-CD3 anti-
body (clone, 145-2C11, eBioscience), 0.5 ug mI™' soluble
anti-CD28 antibody (clone, 37.51; eBioscience), 10 pg ml™
anti-IFN-y ~ antibody (clone, R4-6A2; PeproTech Inc.),
10 pg mi™ anti-IL-4 antibody (clone, 11B11: PeproTech
Inc.), 0.2 ng mi™" recombinant murine 1L-2 (PeproTech Inc.),
2 ng mi™ recombinant human transforming growth factor
(TGF)-p1 (R&D Systems, Inc.) and 20 ng mi™" recombinant
human IL-6 (R&D Systems, inc.) for 3 days.

Results

IL-18 and TNFe activate STAT3 indirectly

In RA, high levels of inflammatory cytokines such as IL-1B,
TNFo and IL-6 are detected and have been targeted by ther-
apeutic antibodies or receptor antagonists (21-23). We
found that treatment of osteoblastic cells with IL-1B further
stimulated expression of various cytokines, particutarly 1L-6
family members such as IL-6, OSM, IL-11 and LIF, as well
as RANKL, an essential cytokine for differentiation of osteo-
clasts (Fig. 1A and data not shown). IL-6 family cytokines
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Fig. 1. iL-1B and TNFo stimulation induces IL-6 cytokine family and RANKL expression via STAT3 phosphorylation. (A) Total RNA was prepared
from primary mouse osteoblasts treated with (+) or without (—) iL-18 (10 ng mi™"), and expression of the IL-6 cytokine family genes IL-6, LIF, and
RANKL relative to B-actin was analyzed by a quantitative real-time PCR. Data are means + SD of the indicated genes/B-actin (*P< 0.001; n = 3).
(B) Whole-cell lysates from MC3T3-E1 cells stimulated for the indicated times (minute) with IL.-18 (10 ng mI™") or TNFa (10 ng mi™} in the
presence or absence of cycloheximide (CHX, 20 pg mi™") were analyzed by immunoblotting to detect pSTAT3 and STAT3. Actin served as internal
control. (C, E and G) Total RNA was prepared from wild-type (WT), STAT3 KO (KO) or IL-6 KO (KO) MEFs treated with (+) or without () IL-1B (10
ng mi~") or TNFa (10 ng mi™") for 24 h, and /L-6, LIF, IL-11 or RANKL expression relative to f-actin was analyzed by a quantitative real-time PCR.
Data are means = SD of the indicated genes/f-actin (*P < 0.001; n = 3). (D and F) IL-6 levels in supernatants of WT and STAT3 KO MEFs treated
with (+) or without (=) IL-1B (10 ng mi™') or TNFet (10 ng mi™") for 24 h were assessed by ELISA. (H) Whole-cell lysates from WT or KO MEFs
stimulated for 60 min with IL-1B (10 ng mlI™") were analyzed by immunoblotting to detect pSTAT3 and STAT3. Actin served as internal control.

manner. Interestingly, although STAT3 is not known to be
a direct target of IL-1 and TNFo, STAT3 phosphorylation
was induced in osteoblastic cells by IL-1B or TNFu treatment
(Fig. 1B). However, STAT3 phosphorylation was strongly
inhibited by pre-treatment of cells with cycloheximide, a pro-
tein synthesis inhibitor, suggesting that 1L-1B and TNF« in-
duce STAT3 indirectly (Fig. 1B). Indeed, we observed direct

and RANKL play a crucial role in inflammation and joint de-
struction, respectively. TNFa and IL-6 treatment also induced
expression of these cytokines in osteoblastic cells (Supple-
mentary Figure 1A and B is available at International Immu-
nology Online), suggesting that inflammatory cytokines
detected in RA trigger further expression of IL-6 family cyto-
kines and RANKL in an autocrine/paracrine amplification
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activation of IL-1B targets, such as JNK and NF-xB, prior to
activation of STAT3 (data not shown), while 1L-6 induced
STAT3 phosphorylation at an early period (data not shown).
These data suggest that major inflammatory cytokines up-
regulated in RA, namely IL-18, TNFo and IL-6, induce STAT3
phosphorylation but that 1L-18 and TNFu likely induce STAT3
phosphorylation via IL-6.

We then asked whether STAT3 is required for IL-6-related
cytokine induction by [L-18 or TNFa. Expression of {L-6 family
cytokines following IL-1B, TNFo or IL-6 stimulation was dra-
matically inhibited in STAT3-deficient cells (Fig. 1C and E and
data not shown). IL-6 protein expression induced by IL-18
and TNFo was also significantly inhibited in STAT3-deficient
cells (Fig. 1D and F). IL-6 was implicated in the pathogenesis
of RA as an amplifier of cytokines (6), and indeed, the ex-
pression of {L-6 family cytokines such as fL-17 and LIF as
well as RANKL by 1L-1B or TNFa was significantly inhibited in
IL-6 KO MEFs compared with wild-type MEFs (Fig. 1G). How-
ever, STAT3 activation by IL-18 was reduced but still detected
in IL-6 KO MEFs (Fig. 1H). These results suggest that STAT3
activity stimulates a cytokine amplification loop that promotes
sustained inflammation and RANKL expression in RA and that
targeting STAT3 could antagonize chronic inflammation and
joint destruction.

STAT3 is a therapeutic target in RA

To determine whether inhibition of STAT3 could have a poten-
tial benefit in a mouse model of RA, we undertook experi-
ments using the drug CP690,550, a Jak3 inhibitor also known
as Tofacitinib. Osteoblastic MC3T3-E1 cells were treated with
IL-1B in the presence of indicated concentrations of
CP890,550, and STAT3 phosphorylation was analyzed by
western blot (Fig. 2A). CP690,550 treatment effectively de-
creased STAT3 phosphorylation (Fig. 2A). In addition,
CP890,550 was further assessed for effects in a CIA model
in vivo (Fig. 2B) and found effective in treating arthritis based
on arthritis score.

CP890,550 treatment of osteoblastic cells significantly
inhibited 1L-1B-induced [L-6 family cytokine expression dose-
dependently manner in vifro (Supplementary Figure 2A is
available at International Immunology Online). /L-6 mRNA ex-
pression in osteoblastic cells induced by TNFe, I1L-6 or OSM

was also significantly inhibited by CP690,550 dose depen-

dently (Fig. 2D and Supplementary Figure 2B is available at
International Immunology Online). Furthermore, IL-6 protein
expression induced by [L-1p or TNFa was significantly
inhibited by CP690,550 dose dependently (Fig. 2E). These
results suggest that STAT3 is the therapeutic target of
CPB690,550 in blocking a cytokine amplification loop and
thereby inhibits sustained inflammation.

Inhibiting STAT3 reduces inflammation seen in a mouse model
of RA

To determine whether STAT3 inhibition could ameliorate condi-
tions associated with RA, CP690,550 or vehicle was adminis-
tered to CIA mice by injection after inflammation had
occurred. The arthritis score of CIA mice significantly improved
following CP690,550 treatment compared with vehicle treat-
ment (Fig. 3A). Treated mice showed serum IL-6 levels that
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were significantly down-regulated to a basal level (Fig. 3B),
and expression of {L-6 family cytokines in joints was also
significantly reduced compared with vehicle-treated control
mice (Fig. 3C). Immunohistochemical analysis demonstrated
improved fibrosis paralleling reduced STAT3 phosphorylation
in joints of CPB90,550-treated mice (Fig. 3D). Reduced STAT3
phosphorylation in the joints of CP690,550-treated mice com-
pared with that of control mice was confirmed by western blot
and ELISA to detect phosphorylated STAT3 (Fig. 3E). In con-
trast to STAT3, STAT1 and STATS activation was not detected
in the joints of CIA mice (Supplementary Figure S3A is available
at International Immunology Online), suggesting that STATS is
specifically activated under inflammatory conditions in the
joints. STAT3 is also reportedly activated by 1L-23 in T cells
(24), and the IL-23/STAT3 pathway is known to play a role in
the pathogenesis of the CIA model (25). STAT3 activation by
IL-23 in T cells is also inhibited by CP690,550 (supplementary
Figure S3B is avallable at International Immunology Online),
further indicating that CP690,550 inhibits STAT3.

Blocking STAT3 inhibits RANKL expression,
osteoclastogenesis and joint destruction in RA

Osteoclastogenesis, which is regulated by the cytokine
RANKL, is a crucial event in joint destruction in RA. To exam-
ine the effect of STAT3 on RANKL expression, we undertook
realtime PCR and immunohistochemistry. RANKL expres-
sion induced by IL-18 and TNFa was significantly inhibited
in STAT3-deficient cells than wild-type cells (Fig. 4A and
Supplementary Figure 4A is available at International Immu-
nology Online). Induction of RANKL expression in osteoblas-
tic cells by the inflammatory cytokines IL-18 and TNFo and
by IL-6 family cytokines, such as IL-6 and OSM, was also
significantly inhibited by CP690,550 dose dependently (Fig.
4B and Supplementary Figure 4B is available at International
Immunology Online). Osteoclastogenesis induced in co-cul-
tures of bone marrow-derived osteoclast progenitor cells
and osteoblastic cells in the presence of OSM, which indu-
ces RANKL expression, was significantly inhibited by
CP690,550 dose dependently (Fig. 4C). Vitamin D3 (VitD3)
plus PGE2 also reportedly induces RANKL expression in os-
teoblastic .cells and can thus induce osteoclastogeneis in
a co-culture system of osteoblastic cells with osteoclast pro-
genitors (26, 27). However, unlike OSM-induced ostecclasto-
genesis, CP690,550 did not inhibit VitD3 + PGE2-induced
osteoclastogenesis (Fig. 4C). IL-1B and TNFa are known to
activate the NFkB pathway (28, 29), but NFkB activation by
IL-1B was not inhibited by CP690,550 (Supplementary
Figure 4C is available at International Immunology Online).
These results suggest that CP690,550 specifically inhibits
osteoclastogenesis induced by STAT3-dependent RANKL
expression in osteoblastic cells. Indeed, CP690,550 had little
ability to inhibit osteoclastogenesis from bone marrow
macrophages in the presence of M-CSF plus RANKL without
osteoblastic cells and multinuclear TRAP-positive osteo-
clasts formed even in the presence of CP690,550 (Fig. 4D).
c-Fos and NFATc1, transcription factors essential for osteo-
clast differentiation, were induced normally even in the pres-
ence of CP690,550 (Fig. 4E). These results suggest that the
STAT3 plays a limited role in osteoclast differentiation of
progenitor cells.
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Fig. 2. The STAT3 inhibitor CP690,550 inhibits arthritis in vivo and the expression of IL-6 cytokine family in vitro. (A) Whole-cell lysates from
MC3T3-E1 cells stimulated with IL-18 (10 ng mi~") plus CP690,550 at the indicated concentrations were analyzed by immunoblotting to detect
PSTAT3 and STAT3. Actin served as an internal control. (B) 6-week-old DBA/1 male mice were given an initial injection of type 2 collagen on day
—21, and arthritis was induced with a second injection on day 0. Vehicle or CP690,550 (15 mg kg™' day™) was administered intraperitoneally
once daily for 2 weeks from day 0 (n = 4 per group). Arthritis scores were measured three times a week. (C and D) Total RNA was prepared from
POBs treated with 1L-18 (10 ng mi™"), TNFa (10 ng mi™") or OSM (50 ng mi™") with (+) or without (—) CP690,550 (100 nM) for 24 h, and /L-6
expression relative to f-actin was analyzed by quantitative real-time PCR. Data are means = SD of /L-6/B-actin (*£ < 0.001; n= 3). (E) IL-6 protein
levels in the supernatant of osteoblasts treated with IL-1p (left panel) or TNFa (right panel) pius indicated concentrations of CP690,550 for 24 h
were assessed by ELISA. Data are means = SD of IL-6 (picograms per milliliter).

The mRNA of RANKL as well as Cathepsin K, an osteo-
clast differentiation marker, was highly induced in the joints
of CIA model but was significantly inhibited by CP690,550
treatment compared with vehicle administration in vivo
(Fig. 4F). Down-regulated RANKL and cathepsin K expres-
sion were also observed in CP890,550-treated CIA mice by
immunofluorescence (Fig. 4G). Joint destruction seen in the
CIA model was rescued by CP690,550 treatment (Fig. 5).

Thus, inhibiting STAT3 in RA can inhibit the inflammatory cy-
tokine loop triggering RANKL expression, thereby inhibiting
joint destruction.

Antagonizing STATS inhibits differentiation of T,17 cells

IL-17 producing helper T (Ty17) cells function in the patho-
genesis of autoimmune diseases including RA (6, 7). In-
deed, Ty17 cells accumulated in regional lymph nodes and

Foo SPrRno [ploIx 0" wuIuLY, iy 0L PapeoTuMO(]

#,

T10T 1€ Arenue uo xapua)) BIPIJN 29 JUJ JEOIPIJA “Aluf) 010 1B



STAT3-dependent cytokine amplification in RA 707

14 120
A —c— vehicle ) T C
12T wo-— €P690,550 100
@ Py
§ 10 "é 86
@ o E3
P 8 /od 2 60
2 s : it
£ K 2 4
E
2 V% M 20
[
o e—/ - ! 0 A
6§ 2 5§ 7 9 12 14 16 18 21 T CP690.550
days
B 6 OSM it-11 LIF
120 9 14 7 16
100 ° 24 8 6 g @
H ] 12
£ 10 5
§ 80
£ g 4
g 601 ° ef °
@ © & -2 3 —_—
2 | -
g 0] _ a4 2
PO - o H ° e
20 27 _e_' 1 a w &
N P I . N I
- + - + - + - +  CP690,550

D CP680,5650 E

CP690,556 ()  €P690,550 {+)
1.2 3 4 1t 2 3 4

pSTATZ| 7

STAT3

Actin | wme s AT

-

]

PSTATS (ng/ml)

CP690,550

Fig. 3. STAT3 inhibition antagonizes arthritis effects in vivo. (A) 6-week-old DBA/J1 male mice were given initial injection of type 2 collagen on
day —21, and arthritis was induced with a second injection on day 0. Vehicle or CP6390,550 (15 mg kg™’ day™) was administered intraperitoneally
once daily for 2 weeks from day 7 (n = 4 per group). Arthritis scores were measured three times a week. (B) Total RNA was prepared from the
tissue of hind paws of ClA-induced mice after 2 weeks of treatment by vehicle or CP690,550, and expression of IL-6 cytokine families (/L-6, OSM,
IL-11and LiF) relative to f-actin was analyzed by a quantitative real-time PCR. (C) IL-6 serum levels in sera of ClA-induced mice after 2 weeks of
treatment by vehicle or CP690,550 were assessed by ELISA. (D) Specimens of ankle joints from CIA mice treated with vehicle or CP690,550 for 2
weeks were subjected to immunofiuorescence staining for pSTAT3. Nuclei were visualized by TOTOS3. Bar, 100 um. (E) Whole-cell lysates were
made from ankle joint tissues of CIA mice treated with or without CP690,550 for 2 weeks. Phosphorylated STAT3 was then analyzed by western
blot (upper panel) and ELISA (lower panel). Results are representative of at least three independent experiments.

spleen of CIA mice, and the appearance of T, 17 cells was (Fig. 6B and data not shown). Interestingly, unfike the in vivo
slightly but significantly inhibited by CP690,550 treatment and ex vivo findings, differentiation of T,17 cells in vitro
in vivo (Fig. 8A). In an ex vivo assay, IL-17, IL-6 and induced by IL-6 and TGF-§ was significantly stimulated by
IFNy production, which characterizes activation of T cells, CP690,550 (Fig. 6C). A similar effect was reported by using
induced by T-cell receptor oligomerization by anti-CD3 anti- another JAK inhibitor, pyridone6 (30). This effect was consid-
body or type 2 collage treatment was also significantly  ered due to a more potent effect of the JAK inhibitor on {L-2,
inhibited in the cells from CP690,550-freated CIA mice IL-4 and IFNy than on IL-6, resulting in T,17 differentiation.
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Fig. 4. STAT3 inhibition blocks RANKL expression and osteoclastogenesis in vivo and in vitro. (A) Total RNA was prepared from wild-type (+/+) or
STAT3 KO (—/-) MEFs treated with {+) or without (~) IL-1B (10 ng mI™") for 24 h, and expression of RANKL relative to B-actin was analyzed by
quantitative real-time PCR. Data are means = SD of the RANKL/B-actin (*P < 0.001; n = 3). (B) Total RNA was prepared from wild-type POBs
treated with or without IL-1B (10 ng mi™") in the presence or absence of CP690,550 (100 nM) for 24 h, and expression of RANKL relative to g-actin
was analyzed by auantitative real-time PCR. Data are means = SD of RANKL/B-actin (*P < 0.001; n = 3). (C) Wild-type POBs and M-CSF-
dependent osteoclast progenitor cells were co-cultured in the presence of OSM (50 ng mi™") or 1,25(OH),VitDs (1077 M) + PGE, (1 uM) for
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culture, and expression of c-Fos and NFATCT relative to f-actin was analyzed by quantitative real-time PCR. Data are means =+ SD of the
indicated genes/g-actin (*P < 0.001; 1 = 3). (F) Total RNA was prepared from hind paw tissues of ClA-induced mice after 2 weeks of treatment by
vehicle or CP690,550 (15 mg kg™' day ™), and expression of RANKL and CTSK relative to B-actin was analyzed by quantitative real-time PCR.
(G) Specimens of ankle joints from ClA-induced mice treated with vehicle or CP690,550 for 2 weeks were subjected to immunofiuorescence staining
for RANKL and CTSK. Nuclei were visualized by TOTOS. Bar, 100 pm. Representatives of at least two independent experiments are shown.
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These results suggest that inhibition of T,17 development by
CPB90,550 in vivo is likely due to IL-6 inhibition. Regulatory T
cells (Tregs) are critical to inhibit autoimmune diseases (31),
and CP690,550 likely activates Tregs. However, Treg develop-
ment was inhibited in vifro and unchanged in vivo following
CP690,550 treatment (SupplementaryFigure S5 is available at
international Immunology Online). Taken together, our data
suggests that STAT3 is a critical factor promoting sustained
inflammation and osteoclastogenesis leading to chronic in-
flammation and joint destruction (Fig. 7) and that inhibition of
STATS3 activation could constitute a novel anti-RA therapy.

Discussion

RA is a chronic inflammatory disease, which causes continu-
ous joint swelling, pain and damage that limit patients’ quality

of life (32). To date, various biological agents targeting major
pro-inflammatory cytokines up-regulated in RA, such as TNFo,
IL-6 and IL-1, have been established, and each of these
therapies promotes significant reduction of disease activity
(22, 33, 34). However, some populations of RA patients still
suffer from continuous inflammation and joint problems (35).
Thus, crucial targets to inhibit disease activity in these cases
have been sought. Mechanisms underlying sustained inflam-
mation and joint damage in RA remain largely unknown. In this
study, we demonstrated that the major pro-inflammatory cyto-
kines in RA, TNFq, IL-6 and IL-1, induced STAT3 activation ei-
ther directly or indirectly and stimulated expression of IL-6
family cytokines and RANKL in an autocrine/paracrine manner
in vivo and in vitro. Induced IL-6 family cytokines further acti-
vated STAT3 and then in turn induced IL-6 family cytokines
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and RANKL expression in a cytokine amplification circuit.
RANKL induces osteoclastogenesis causing joint destruction
by bone resorption. Thus, a loop including inflammatory cyto-
kines, IL-6 family cytokines, RANKL and STAT3 loop likely
mediates sustained inflammation and joint destruction in RA.
Targeting STAT3 is likely crucial to block that loop.

High expression of inflammatory cytokines or the presence of
auto-antibodies and autoreactive lymphocytes is observed
and implicated in disease activity in RA and in RA models
such as CIA, antigen-induced arthritis. Both were also ob-
served in several reports of spontaneous autoimmune arthritis
and in genetically engineered mouse models, including 1L-1

vehicle CP630,550

Fig. 5. CP690,550 is effective in treating ClA in vivo. 8-week-old DBA/
J1 male mice were given an initial injection of type 2 collagen on day
—21 and arthritis was induced W|th a second injection on day O.
Vehicle or CP690,550 (15 mg kg™' day™") was administered inter-
peritoneally once daily for 2 weeks from day O (n = 4 per group).
Tissue specimens from the ankle of CIA mice administered vehicle or
CP690,550 were stained with safranin O and methyl green. Bar, 100
um. Representatives of at least two independent experiments are
shown.
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Tg, TNF Tg, gp130/F759, ZAP70 SKG and K/BxN (38). In
fibroblasts, an IL-17A-triggered positive-feedback loop of IL-6
expression through NFkB and STAT3 activation reportedly
promotes arthritis (6), and such IL-17A- and IL-6-dependent
arthritis is induced by local events such as microbleeding (7).
Indeed, we found that IL-6 expression was significantly down-
regulated by STAT3 inhibition caused by gene deletion or
CPB690,550 treatment in osteoblastic cells, fibroblasts and sera
in vivo. IL-6 was reported as an amplifier of inflammatory cyto-
kines (6, 7), and we found that STAT3 activation by IL-1 was
reduced in IL-6 KO cells, suggesting that STAT3 was mainly
activated by 1L-6. However, we also found that STAT3 activa-
tion was reduced but still induced in IL-6 KO cells, suggesting
that STATS was also stimulated likely by other IL-6 family cyto-
kines induced by [L-1B, such as LIF, which was up-regulated
in IL-6 KO cells by IL-1B or TNFa stimulation (Fig. 1G). In ad-
dition, NFxB activation was not inhibited and T,17 cell devel-
opment was rather stimulated by CP690,550, suggesting that
STAT3 activation described here is, at least in part, IL-17A
and IL-6 independent. Thus, we propose that IL-6-STAT3 is
a key modulator of RA-related symptoms by inducing cytokine
amplification.

STAT3 is reportedly a substrate of spleen tyrosine kinase
(syk) in B-lineage leukemia/lymphoma cells, and syk is re-
quired for oxidative stress-mediated STAT3 activation in
tumors (37). A Syk inhibitor was shown to be effective in
inhibiting arthritis in the CIA model (38), suggesting that the
Syk-STAT3 pathway is likely activated in RA. Inhibitors of
Jak1 and Jak2, both upstream of STATS, effectively improved
ClA (39). Furthermore, IL-6 stimulation was shown to induce
STAT3 activation as well as complex formation between
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Fig. 6. CP690,550 suppresses Ty17 cells in vivo and ex vivo. (A) CD4 and intracellular staining of IL-17 in inguinal lymph node cells from CIA-
induced mice harvested on day 21 after immunization were examined by flow cytometry (left), and the frequency of CD4+IL-17+ cells (%) was
determined (right). (B) Inguinal lymph node cells from ClA-induced mice harvested on day 21 after immunization were cultured with or without
anti-CD3 or type 2 collagen (100 pg mi™) for 5 da1ys and IL-6, IL-17 and IFNy levels in the supematant were assessed by ELISA (*F < 0.001;

n= 3) (C) Naive T cells were cultured Wi'fh Tugml™

plate-bound anti-CD3 antibody (Ab), 0.5 ug mi™" soluble anti-CD28 Ab, 0.2 ngmitIL-2, 2ng

mi™ TGF-B1 and IL-6 (20 ng mI™"} in the presence or absence of CP690,550 (50 nM) for 3 days. Foxp3 and IL-17A expression was then analyzed
by flow cytometry (*P < 0.001; n = 3). Representatives of at least two independent experiments are shown.

10°s[euano o o wiiuy iy Woly papeotumod

e

10T ‘I€ ATenue( uo 15U wIpSJA % JUJ [BOIPSJA] “ATU[) O1O3] T



710 STAT3-dependent cytokine amplification in RA

A
IL-6
direct
in-direct

TNFa =—={> STAT3

/g;-direct

iL-1g
B chronic inflammation
IL-6 family cytokines
IL-6

sustained STAT3 activation

TNFo === STAT3

/N

iL-1p RANKL
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Fig. 7. Scheme of sustained inflammation and joint destruction via
STAT3 in RA. (A) Major pro-inflammatory cytokines, namely, IL-6,
TNFe and IL-1B, stimulate STAT3 either directly or indirectly. (B) STAT3
activation is followed by expression of IL-6 family cytokines, which in
turn induce STAT3 activation in an autocrineg/paracrine manner. STAT3
activation further induces RANKL expression, which promotes
osteoclastogenesis and joint destruction. Thus, sustained inflamma-
tion and joint destruction are developed via STATS3, indicating that
STAT3 could be a key target in treating RA.

STAT3 and cyclin-dependent kinase (CDK) 9 (40). Local gene
transfer of CDK-inhibitors such as p16™%48 or p21°P! was
also effective in treating CIA (41), suggesting that CDK poten-
tially regulates STAT3 activation.

CP690,550 was originally developed as a Jak3 inhibitor and to
a much lesser extent as an inhibitor of Jak1 and Jak2 to mediate
immunosuppression (10). The CP690,550 IC50 indicated that it
was more effective in inhibiting Jak3 than Jak1 and Jak2 (10,
42). Recently, CP690,550 was aiso shown to inhibit STAT1 ac-
tivity (13). In our study, CP690,550 treatment inhibited a cyto-
kine loop via STATS inhibition, indicating that STAT3 could be
a therapeutic target in chronic inflammatory diseases.

Since IL-6 overproduction has been seen in RA patients
and RA models, antagonizing IL-6 activity may be beneficial
in treating RA. Indeed, a mAb to IL-6R has proven to be effec-
tive against RA. Previously, we reported that over-expression
of suppressor of cytokine signaling 3 (SOCS3) or dominant
negative STAT3 in joints effectively ameliorated CIA models
(43). At that time, we proposed that blocking an intracellular
cytokine signaling, particularly JAK1, could be effective
against RA treatment. Our study here extends the potential
therapeutic effects of JAK-STAT3 inhibitors and shows that

they block an inflammatory cytokine-IL-6 circuit that amplifies
STATS activation.

How does STAT3 contribute to RA? STAT3 has been shown
to be necessary for synovial fibroblast proliferation (44),
RANKL expression (45), osteoclastegenesis (46) and T,17 in-
duction (47). We have shown that CP630,550 inhibits many
of these effects. Since expression of IL-6, which is required
for Th17 cell development, was significantly inhibited by
CP690,550 in vivo (Fig. BA), the reduced frequency of Th17
cell fraction seen following treatment with CP690,550 in vivo
is likely due.to reduced IL-6 levels caused by the drug. How-
ever, the Ty17 cell fraction was enhanced by CP690,550 in
vitro (Fig. 6C). The precise mechanisms underlying this dis-
crepancy are not clear, but it is likely that CP-690550 inhibits
other factors. Indeed, CP690,550 reportedly inhibits other
Jaks and STATs (13), and a pan-Jak inhibitor, pyridones, also
stimulates T,17 development in vitro by inhibiting STAT5 (30).
Similarly, Treg development in vitro was inhibited by
CPB90,550, and such inhibition is also induced by pyridones
(30), further suggesting that the in vitro effects of CP690,550
on Ty17 and Treg are due, at least in part, to inhibition of Jaks
and STATs. Therefore, more specific STAT3 inhibitors are likely
required for maximal therapeutic effect.

In RA, osteoclastic bone resorption is frequently elevated
and is implicated in joint destruction (14). Some RA patients
are treated with steroids, and steroid treatment potently
induces osteoporosis, a disease marked by increased oste-
oclast activity. Thus, control of osteoclastogenesis is crucial
for RA patients to avoid joint destruction or drug-induced os-
teoporosis. RANKL is an essential cytokine for osteoclasto-
genesis, and RANKL deficiency results in a complete lack
of osteoclast formation (48). Thus, RANKL is a target to in-
hibit osteoclastogenesis in osteoporosis (49) and likely in
joint destruction. RANKL expression is reportedly induced
by various stimuli such as vitamin D3, parathyroid hormone
or IL-6 family cytokines via vitamin D receptor, cyclic adeno-
sine monophosphate or STAT3. In our study, RANKL expres-
sion was significantly inhibited in STAT3-deficient cells or in
CIA joints of CP690,550-treated mice, suggesting that
RANKL expression in RA is regulated by a STAT3-dependent
mechanism. Thus, inhibiting STAT3 could benefit to inhibit
both inflammation and osteoclastogenesis mediated by an
IL-6-STAT3-dependent cytokine loop.

Supplementary data

Supplementary data are available at International Immunol-
ogy Online.
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Brief Definitive Report

Osteoclasts are dispensable for hematopoietic
stem cell maintenance and mobilization
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Hematopoietic stem cells (HSCs) are maintained in a specific bone marrow (BM) niche in
cavities formed by osteoclasts. Osteoclast-deficient mice are osteopetrotic and exhibit
closed BM cavities. Osteoclast activity is inversely correlated with hematopoietic activity;
however, how osteoclasts and the BM cavity potentially regulate hematopeiesis is not well
understood. To investigate this question, we evaluated hematopoietic activity in three
osteopetrotic mouse models: op/op, c-Fos-deficient, and RANKL (receptor activator of
nuclear factor kappa B ligand)-deficient mice. We show that, although osteoclasts and, by
consequence, BM cavities are absent in these animals, hematopoietic stem and progenitor
cell (HSPC) mobilization after granulocyte colony-stimulating factor injection was compa-
rable or even higher in all three lines compared with wild-type mice. In contrast, osteoprotegerin-
deficient mice, which have increased numbers of osteoclasts, showed reduced HSPC
mobilization. BM-deficient patients and mice reportedly maintain hematopoiesis in extra-
medullary spaces, such as spleen; however, splenectomized op/op mice did not show
reduced HSPC mobilization. Interestingly, we detected an HSC population in osteopetrotic
bone of op/op mice, and pharmacological ablation of osteoclasts in wild-type mice did
not inhibit, and even increased, HSPC mobilization. These results suggest that osteoclasts
are dispensable for HSC mobilization and may function as negative regulators in the
hematopoietic system.
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maintenance and mobilization; however, the impact of loss of
BM cavities on the hematopoietic system remains unclear.

BM cavities are formed by osteoclasts, which are bone re-
sorbing multinuclear cells, and loss of osteoclasts results in loss
of BM cavities (Yoshida et al., 1990; Grigoradis et al., 1994;
Kong et al., 1999). Various factors, such as M-CSF, c-Fos, and
receptor activator of nuclear factor kappa B ligand (RANKL),
are reportedly essental for osteoclastogenesis; mutational inacti-
vation or genetic ablation of these molecules results in a lack
of osteoclast differentiation and consequent defects in BM cav-
ity formation, a condition termed osteopetrosis in which BM
cavities are filled with bone (Yoshida et al., 1990; Grigoriadis
et al., 1994; Kong et al., 1999). Osteoprotegerin (OPG) is a
decoy receptor of RANKL that inhibits osteoclastogenesis
(Bucay et al,, 1998; Mizuno et al., 1998). Although bone pheno-
types of op/op, c-Fos—deficient, RAINKIL~deficient, and OPG-
deficient mice have been described, hematopoietic phenotypes
in these mice have not yet been fully characterized. Clinically,
osteoclastic activity increases after serial G-CSF injection admin-
istered before peripheral HSC implantation (Takamatsu et al.,
1998; Watanabe et al., 2003), and such activity is reportedly re-
quired to drive HSPCs from the marrow to the periphery
(Kollet et al., 2006). Therefore osteoclast-deficient mice, which
lack a BM niche, are predicted to be defective in hematopoiesis
as a result of impaired osteoclast activity required to mobilize
HSPCs to the periphery. Indeed, osteopetrotic patients, as well as
animal models, reportedly show extramedullary hematopoiesis in
the spleen (Freedman and Saunders, 1981; Lowell et al., 1996).

Osteoclastogenesis is accelerated with age, resulting in de-
creased bone mass (Manolagas and Jitka, 1995; Teitelbaum,
2007). Hematopoietic activity also decreases with age (Geiger
and Rudolph, 2009; Waterstrat and Van Zant, 2009), suggest-
ing that osteoclast activity is inversely correlated with hemato-
poietic activity; however, precise roles of osteoclasts in regulating
hematopoiesis are largely unknown.

In this paper, we show that HSPCs are maintained even in
osteopetrotic animals and that they are mobilized to the periph-
ery after G-CSF stimulation, indicating that osteoclasts and BM
cavities are both dispensable for HSPC maintenance and egress
to the periphery. Pharmacological inhibition of osteoclastic ac-
tivity did not inhibit but rather stimulated HSPC mobilization.
Splenectomy of op/op mice increased HSPC mobilization, sug-
gesting that spleen is not the primary tissue that maintains HSCs
in osteopetrotic animals. HSCs were also detected in the osteo-
petrotic bone. OPG-deficient mice, which show increased osteo-
clastic activity, exhibited reduced HSPC mobilization. Thus,
accelerated osteoclastic activity decreases both bone mass and
hematopoietic activity, and both can be manipulated pharma-
cologically in vivo.

RESULTS AND DISCUSSION

HSPCs are maintained and mobilized in op/op mice

To determine whether loss of the BM niche and osteoclasts
influences hematopoiesis, we analyzed osteopetrotic op/op mice,
which carry a loss-of-function mutation in M-CSE a cyto-
kine essential for osteoclast differentiation (Yoshida et al., 1990).
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These mice lack 2 BM cavity and exhibit impaired osteo-
clastogenesis (Fig. 1 A). Previously, the cell cycle—specific cyto-
toxic agent 5-fluorouracil (5-FU), which is used in chemotherapy,
has been used to evaluate HSC function because HSCs are resis-
tant to 5-FU~-induced cell death as a result of their quiescence
(Cheng et al., 2000; Miyamoto et al., 2007). op/op and wild-type
mice were serially treated with 5-FU, and we found that op/op
mice were lethally susceptible to 5-FU treatment compared with
control op/+ mice (Fig. 1 B), suggesting that osteoclasts and BM
cavities are required to maintain HSCs.

To confirm roles of osteoclasts and BM cavities in the
hematopoietic system, op/op mice were serially treated with
G-CSF and HSPCs mobilization was analyzed (Fig. 1, C-E).
Because a functional BM niche or osteoclasts are reportedly
required to mobilize HSPCs to the periphery from the BM
(Heissig et al., 2002; Katayama et al., 2006; Kollet et al.,
2006), we predicted that op/op mice would show inhibited
HSPC mobilization after G-CSF injection. However, we
found that mobilization of the HSC-enriched fraction (lineage
negative, c-Kit positive, and Scal positive [LSK]) to peripheral
blood, as analyzed by flow cytometry, was induced to levels
even higher in op/op mice than in control littermate mice
{op/+; Fig. 1, C and D). HSPCs mobilized in op/op mice were
functional: colony—forming assays showed that greater numbers
of colonies formed from the peripheral blood of G-CSF-
treated op/op mice than from that of wild-type mice (Fig. 1 E).
This observation suggests that op/op mice accumulate a greater
number of HSCs than do wild-type mice, and that neither BM
cavities nor osteoclasts are required for HSC maintenance and
mobilization and may even be inhibitory to the process.

HSPC mobilization is induced

in c-Fos— and RANKL-deficient mice

To confirm these findings, c-Fos—deficient mice, which are
also osteoclast deficient and lack BM cavities, were analyzed
(Fig. S1 A). We observed that c-Fos—deficient mice were less
susceptible to serial 5-FU treatment than were op/op mice
(Fig. S1 B), suggesting that M-CSF rather than BM cavities
and osteoclasts, is required to resist 5-FU treatment. Indeed,
injection of M-CSF into op/op mice rescued mice from a
lethal response to 5-FU (Fig.S1 C). M-CSF regulates osteo-
clast formation as well as macrophage differentiation and
innate immunity (Miyamoto et al., 2001; Chitu and Stanley,
2006). In wild-type mice, M-CSF concentration in sera was
significantly up-regulated after 5-FU treatment, suggesting
a protective role for M-CSF against myelosuppression in-
duced by chemotherapy (Fig. S1 D). In fact, both Gram-
positive and -negative bacteria were detected in multiple
organs of 5-FU-treated op/op mice (Fig. S1 E and not de-
picted). These results indicate that by inducing macrophages,
M-CSF likely plays a critical role in resistance to hemato-
poietic suppression after 5-FU treatment. They also suggest
that serum M-CSF concentrations should be carefully
monitored during myelosuppressive chemotherapies to pre-
vent opportunistic infections.

Osteoctast-independent HSC regulation | Miyamoto et al.
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RANKL-deficient mice are also osteoclast deficient and
lack BM cavities (Fig. S1 F). Interestingly, increased HSPC
mobilization after serial G-CSF treatment was observed in
both c-Fos—deficient and RANKIL-deficient mice (Fig. 2), as
it was in op/op mice, supporting the idea that osteoclasts and
BM cavities are not required to maintain HSCs. Young female
PTPe-knockout mice reportedly show a mild loss of osteo-
clast function but exhibit 2 BM cavity and impaired HSPC
mobilization by G-CSF (Kollet et al., 2006). The three
osteoclast- and BM cavity—deficient animal models evaluated
in this study did not show defective HSPC mobilization after
G-CSF treatment, suggesting that the function of osteoclasts
in driving HSCs to the periphery is biphasic or BM cavity
dependent. In wild-type mice, the number of osteoclasts re-
portedly does not increase during G-CSF treatment, but only
after cessation of treatment (Takamatsu et al., 1998; Christopher
and Link, 2008; Winkler et al., 2010), also suggesting that
osteoclast loss likely does not affect HSPC mobilization in
response to G-CSF treatment. All three osteopetrotic animal
models show increased mobilization of HSPC:s to the periph-
ery without G-CSF administration (Figs. 1 and 2), suggesting
that steady-state levels of circulating HSPCs are increased in
these animals.
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3
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0
WT KO WT KO
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Figure 1. op/op mice are osteopetrotic and exhibit
increased numbers of HSPCs. (A) Microradiographical
analysis of femoral bones of 8-wk-old op/op and control
{op/+) bone. Representative micro-CT data in three indepen-
dent op/op or op/+ mouse bones are shown. Bars, 1T mm.
(B) 150 mgfkg 5-FU was injected into the peritoneal cavity of
8-wk-old op/op (n = 5) and littermate control (op/+; n = 5)
« mice on days 0 and 7, and the survival rate after 5-FU injec-
[—_‘ tion was analyzed. (C-E) 250 pg/kg/d G-CSF or PBS was in-
jected subcutaneously into 8-12-wk-old op/op and contro!
(op/+) mice daily for 5 d (n = 3 for each group). Peripheral
blood was collected, and the frequency of the HSC fraction
(LSK; C and D) and CFU-C (E} were analyzed. (C) Representa-
tive flow cytometric pattern of peripheral blood. Cells were
gated on lineage (CD3, B220, TER119, Mac?, and Gr1)-nega-
tive cells. Data represent the mean LSK frequency (%) + SD
in peripheral blood (¥, P < 0.051; D) and CFU-C + SDin 1 ml
peripheral blood (*, P < 0.01, n = 9 for each group; E).
Representative data of three independent experiments
are shown (B-E).

Impaired HSPC mobilization in OPG-deficient mice

To further explore the role of BM cavities and osteoclasts in
HSC maintenance, HSPC mobilization in OPG-deficient
mice was analyzed by serial G-CSF injection (Fig. 3). OPG is
a decoy receptor for RANKL and therefore acts as a RANKL
inhibitor (Bucay et al., 1998; Mizuno et al., 1998). OPG-
deficient mice show severe osteoporosis as a result of acceler-
ated osteoclastogenesis (Fig. 3, A and B). As expected, in
contrast to osteoclast-deficient osteopetrotic mice, reduced
HSPC mobilization was seen in OPG-deficient mice, as in-
dicated by flow cytometry and colony-forming assays, com~
pared with wild-type mice (Fig. 3, C—E). Furthermore, long-
term competitive repopulation assays using mobilized cells
from CD45.2% op/op, c-Fos-deficient, or RANKIL-deficient
mice versus CD45.1" BM competitors showed higher chi-
merism relative to that induced using mobilized cells from
control mice (Fig. 3 F). In contrast, mobilized cells from
OPG-deficient mice induced lower chimerism than those
from wild-type mice (Fig. 3 F). CD45.2 reconstitution was
multilineage; CD45.2 reconstitution from mobilized donor

Figure 2. c-Fos—deficient and RANKL~deficient
mice show elevated HSPC pools. (A-F) 250 ug/kg/d
G-CSF or control PBS was injected subcutaneously
into 8-12-wk-old c-Fos~deficient (c-Fos KO; n=5
for each group) or RANKL-deficient (RANKLKO: n=5
for each group) mice or into respective control litter-
mates (wild-type [WT]; n = 5 for each group) daily for
5 d. Peripheral blood was collected, and the propor-
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tion of HSCs (A, B, D, and E) and CFU-C (Cand F)
were analyzed. (A and D) Representative flow cytom-
etry pattern of peripheral blood. Cells were gated on
lineage-negative cells. Data represent the mean LSK
frequency (%) + SD in peripheral blood (%, P < 0.01,

n =5 for each group; B and £) and mean CFU-C + SD
in 1 ml peripheral blood (*, P < 0.01, n= 6 for each
group; Cand F). Representative data from one of three
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independent experiments are shown (A-F).
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